Effects of interfacial and internal dislocations on formation of vortex domain structure in ferroelectric nanodots have been investigated. Due to the highly inhomogeneous strain field near the dislocation core, dislocations are found to play important roles in vortex nucleation stage and can significantly affect vortex formation temperature. More importantly, the vortex core may be pinned by the dislocations, leading to a possible control of vortex domain pattern (e.g., vortices number and orientation) in the nanodots. This study should be very instructive for practical applications of ferroelectric vortex domain structure in systems where dislocations exist. Defects like dislocations, point defects, space charges, grain boundaries, cracks, etc., may be introduced into the materials during the fabrication and/or loading processes of external fields. They are well known to affect material properties by the presence of inhomogeneous mechanical and electrical fields. Take ferroelectrics as an example, defects play important roles in domain evolution processes, as they usually are favored nucleation sites of other domains. 1 Consequently, abnormal phenomena such as the reduction of coercive field, 2-4 broken degeneracy of polarization states, 5 and domain wall pining [6] [7] [8] may happen in ferroelectrics with defects. Furthermore, domain pattern, ferroelectric transition temperature, polarization, and other static properties (e.g., electrical conductance) are strongly modified near the "defective" regions. [9] [10] [11] [12] [13] [14] Although it is still a long way toward "defect engineering," the revealed effects of defects in ferroelectrics during the past decades have provided us an exciting picture.
For their tunable properties and feasibility in developing nanoscale functional devices, low-dimensional ferroelectric nanostructures have been under intensive investigations. An important characteristic of these materials is the possible formation of vortex domain structure (VDS) to avoid large depolarization energy caused by surface bounded charges. 15, 16 Due to the small size of ferroelectric VDS and its coupling behaviors with external fields, people are now paying much attention to this kind of domain structure. In experiment, many works aimed to unambiguously observe nanoscale ferroelectric vortices. [17] [18] [19] Meanwhile, to gain regular control of ferroelectric VDS, effects of various types of electrical and mechanical loads have been theoretically predicted. [20] [21] [22] [23] [24] [25] It is worth noting that there are quite an amount of works with respect to the effects of defects on ferroelectric domain structure. Yet, most are focused on thin films or bulk systems. The case of low-dimensional ferroelectric nanostructures has been rarely studied, although defects commonly exist in these systems. 1, 10 It is natural to wonder how defects influence the VDS in these systems. As with thin films or bulk systems, we are interested in asking two questions. The first one is how defects affect VDS during its formation. Can defects act as nucleation sites of ferroelectric vortices and consequently have pining effects on the VDS? The second is how defects play their roles in the switching process of VDS. The objective of this work is to explore the first question by performing phase field simulations on the VDS in ferroelectric nanodots with different kinds of dislocations. Our model systems are schematically shown in Fig.  1 . They include nanodots epitaxially grown on a substrate with an interfacial edge dislocation ( Fig. 1(a) ), and free standing nanodots with an edge or a screw dislocation in the body ( Fig. 1(b) ).
In phase field models, the evolution of a microstructure is driven by the decrease of the system's free energy. We take the unstressed and unpolarized crystal as the background and express the system's free energy in terms of order parameters and applied fields. The spontaneous polarization P ¼ (P 1 , P 2 , P 3 ) is chosen as the order parameter. The electric displacement field D is written as D ¼ e b E þ P, with E being the electric field and e b being the background dielectric constant tensor. 26, 27 The system's total free energy is written as a sum of the bulk Landau energy, elastic energy, gradient energy, electrostatic energy, and surface energy, i.e.,
, where V and S are the volume and surface of the system, respectively.
In equation of the total free energy, the Landau energy density f Land , which describes the ferroelectric transition of the bulk material, can be written as a six-order phenomenological polynomial of the spontaneous polarization, i.e., 28, 29 Based on the theory of micromechanics, 30 ferroelectric domains and dislocations are treated as sources of eigenstrains. The eigenstrain generated by the polarization is given by e 0;P ij ¼ Q ijkl P k P l , with Q ijkl being the fourth-rank electrostrictive coefficients. The dislocation line is defined as a part of a slip plane. The eigenstrain related to a dislocation on a slip plane with a Burgers vector b s ¼ ðb kl Þ, with c ijkl being the fourth-rank elastic stiffness coefficients, and e ij and e ij being the components of elastic strain and total strain, respectively. The strain field is determined by the mechanical equilibrium equation, i.e., r ij;j ¼ 0, where r ij ¼ c ijkl e kl is the stress components.
The inhomogeneous polarization field contributes a gradient energy to the system's free energy. To the lowest order of Taylor expansion, the gradient energy density takes the form as f grad ¼ 1 2 g ijkl P i;j P k;l , with g ijkl being gradient energy coefficients. Moreover, electrostatic energy should be considered due to Coulomb interaction of polarization dipoles. According to the continuum theory, the electric energy density of the system is written as f elec ¼ ÀP i E i À The temporal evolution of the spontaneous polarization field is described by the time-dependent Ginzburg-Landau (TDGL) equation @P i =@t ¼ ÀMdF=dP i , where M is a kinetic coefficient and t is time. In the present study, we focus on the domain structure of (001) oriented PbTiO 3 nanodots upon a cooling-down process. For epitaxial nanodots in Fig.  1 The polarization evolution is solved numerically by discretizing the TDGL equation in time. At each time step, the strain and electric fields are obtained by solving the mechanical and electrostatic equilibrium equations with the appropriate boundary conditions. A finite element method is adopted to solve the strain and electric fields. 24 Coefficients of ferroelectric materials and dislocations in our simulations are listed in Ref. 35. 9,26,29,33,36 The distribution of mechanical field in epitaxial and free standing nanodots have been calculated, and are given in supplementary material. 34 The formation of VDS and its evolution of three epitaxial nanodots (i.e., one free of dislocation, one with c I dislocation, and one with c II dislocation) under a cooling-down process are simulated. The size of the nanodots is
The nanodots are cooled down from a high temperature at paraelectric region by a step of 10 K. A random polarization perturbation is used to initiate the simulation at high temperature until the nanodot is not in paraelectric phase. At each temperature, the stable domain pattern is obtained by equilibrating the system for a sufficiently long time. The result is depicted in Fig. 2 , from which we find that the interfacial dislocations have strong effect on the formation of VDS in the nanodot. As indicated by the evolution of toroidal moment (i.e., g ¼ Fig.  2(a) , a paraelectric to ferrotoroidic transition happens when the temperature decreases to be about 710 K for the nanodot free of dislocation. Such a transition temperature is lower than the bulk Curie temperature ($752 K) as expected, considering the finite size effect of the nanodot and the small clamping effect of substrate (as we have assumed a zero misfit strain). Nevertheless, the domain patterns of the nanodot at T ¼ 700 K, 500 K, and 300 K shown in panel (i) of Fig.  2(b) indicate that the substrate actually leads to a slight asymmetry of the domain pattern along the thickness direction, and this effect becomes more significant at lower temperature. This is due to the fact that the vortex domain pattern has an "eigenstrain," which is incompatible with the substrate and increases as the temperature decreases.
For nanodots with an interfacial dislocation, from Fig. 2 , we can see that the nanodots still adopt VDS. Nevertheless, the effects of the dislocations are clearly seen. Specifically, the existence of c I dislocation increases the ferrotoroidic transition temperature to be $730 K. Upon the cooling-down process, the increase of the toroidal moment of the nanodot with c I dislocation is slower than that without dislocation ( Fig. 2(a) ). Moreover, as shown in panel (ii) of Fig. 2(b) , the domain pattern near the interface is perturbed by the inhomogeneous but overall compressive strain field of c I dislocation, 34 leading to a "dead layer" of polarization field similar to that observed in ferroelectric thin films. 12, 13 On the other hand, we found that c II dislocation significantly increases the ferrotoroidic transition temperature of the nanodot, manifested with a nonzero toroidal moment at temperature over 1000 K. For this case, evolution of the toroidal moment consists of two distinct stages. At high temperature region, the toroidal moment remains small and increases slowly as temperature decreases. As the temperature reaches a transition point of $750 K, the toroidal moment grows rapidly in a similar trend with that of the nanodot free of dislocation (see Fig. 2(a) ). From the domain patterns as shown in panel (iii) of Fig. 2(b) , we can see that there is actually a large polarization field along the x direction near the c II dislocation as it imposes a large tensile strain field. 34 As this tensile strain field is highly localized, the polarization vortex formed near the c II dislocation at high temperature is highly asymmetric with the polarization magnitude decreasing rapidly away from the dislocation.
From the previous simulation, it can be noticed that polarization vortex tends to nucleate around the c II dislocation as it provides a localized tensile strain field. In other words, there may be a vortex pinning effect of the dislocation. For nanodots that favor a multi-vortex domain pattern rather than a single-vortex domain pattern, this effect should be significant and leads to a possible control of the vortices number. To see this, we simulate the domain formation of two epitaxial nanodots in larger size (i.e., h d ¼ 20 nm and l d ¼ 40 nm) upon a cooling-down process. One of the nanodots is free of dislocation while the other one is with a c II dislocation at the center of the interface. Moreover, an external strain of e a 11 ¼ À0:01 is applied to the nanodots so that a multi-vortex domain pattern is favored to form. The simulation result is shown in Fig. 3 . For the nanodot free of dislocation (see Fig. 3(b) ), a 4-vortices domain pattern is formed during the cooling-down process. The nucleation of vortices is rather "homogenous," and the vortices grow in a similar speed. However, the situation is quite different for the nanodot with a c II dislocation. The nucleation of vortices is quite "inhomogeneous" due to the dislocation as shown in Fig. 3(b) . A vortex would first nucleate and grow around the dislocation. Due to the existence of this vortex, there only two other nucleation sites are favored to form in the adjacent regions near the dislocation. Consequently, a 3-vortices domain pattern is formed. This result clearly demonstrates the important role of dislocation in the formation of VDS.
We now turn to the case of free standing nanodots with an internal edge or screw dislocation as schematically shown in Fig. 1(b) . Similar with the previous investigation, three nanodots, i.e., one free of dislocation, one with an edge dislocation, and one with a screw dislocation, 34 are simulated under a cooling-down process. Evolution of the toroidal moment of three nanodots is, respectively, depicted in Figs. 4(a)-4(c). In Fig. 5 , we also depict the domain patterns of the nanodots at two typical temperatures, i.e., T ¼ 700 K and T ¼ 300 K. Fig. 4(a) shows that the ferrotoroidic transition temperature of the nanodot free of dislocation is about 710 K, which is similar to that of the epitaxial nanodot free of dislocation (see Fig. 2 ). The existence of an edge dislocation and a screw dislocation increases the transition temperature to be about 820 K and 780 K, respectively. All the nanodots are found to first exhibit a tetragonal vortex domain pattern (i.e., with only one nonzero component of the toroidal moment) upon the cooling-down process. Nevertheless, different from the nanodot free of dislocation and the one with a screw dislocation, the nanodot with an edge dislocation adopts a vortex domain pattern with two nonzero components as the temperature is lower than 650 K (see Fig.  4(b) ). From Figs. 5(a) and 5(c), we can see that the nanodot free of dislocation and the one with a screw dislocation form similar single-vortex domain patterns, with the latter one "distorted" from the former one due to the high strain field near the screw dislocation. For the nanodot with an edge dislocation, a single-vortex domain pattern would be formed at high temperature, and a multi-vortex domain pattern is formed at low temperature (Fig. 5(b) ). Moreover, it should be pointed out that the tetragonal vortex domain pattern of the perfect nanodot is actually degenerated in x, y, and z direction. In contrast, for nanodots with an edge or screw dislocation, the degeneration of x, y, and z direction is broken. Using different random polarization perturbations to initiate the simulation, we found that the domain patterns of the two nanodots always have the largest toroidal moment component along the z direction. In other words, the orientation of the vortex domain pattern is pinned by the dislocations, and the vortex axis is along the z direction. This interesting result provides us an insight into the control of vortex orientation by inhomogeneous mechanical field in addition to previous reported strategy by uniform strain field. 25 In summary, in this Letter we report the effects of interfacial and internal dislocations on the VDS in ferroelectric nanodots. Our calculations show that dislocations can significantly affect the formation of VDS, and play important roles in the vortex nucleation stage due to the high strain field near the dislocation core. Consequently, the vortex formation temperature of the nanodot can be significantly affected by the existence of dislocations. Importantly, the vortex core can be pinned by the dislocations, leading to a possible control of vortices number and orientation in the nanodots. Our results are important for applications of ferroelectric VDS. Note that the dislocations should have important effects on the switching process of VDS. We would like to make an investigation on this issue in a future work.
